Introduction
Because of the varying occurrence and abundance of individual benthic foraminiferal species in relation to changing environmental conditions, many paleoceanographic studies are not able to use a single benthic foraminifera species to create continuous oxygen isotope (δ 18 At the same oceanic location co-existing benthic foraminiferal species often have different δ O) records. In order to generate continuous records, composite records are generated, taking into account isotope offsets between different co-existing species. An important assumption, often made, is that such offsets are constant with time and geographical location. 18 O, making it unlikely that all species form their calcite in equilibrium with seawater (Duplessy et al., 1970) . For example, some authors have suggested that the δ 18 O of Uvigerina peregrina reflects δ 18 O equilibrium (Shackleton, 1974; Woodruff et al., 1980; McCorkle et al., 1990) , whereas use of a more recent inorganic CaCO 3 temperature -δ 18 O fractionation curve (Kim and O'Neil, 1997) suggests that Cibicidoides δ 18 O is in equilibrium with sea-water whereas Uvigerina
Additional secondary factors that influence benthic foraminiferal δ O is not (Bemis et al., 1998) . 18 O include:
1-kinetic fractionation effects during hydration and hydroxylation of CO 2 Important assumptions in many paleoceanographic studies are that the δ related to carbonate chemistry (Spero et al., 1997; Bijma et al., 1999; Zeebe, 1999) , 2-metabolic fractionation effects during biomineralization related to species specific vital effects (Duplessy et al., 1970; Shackleton, 1974 ; Schmiedl and Mackensen,
Material & method
This study forms part of a data synthesis effort to improve links between proxy data and mechanistic understanding through Earth system models (http://researchpages.net/QQ), and is largely based on isotope data obtained from data repositories (PANGAEA, NCDC, DELPHI) measured by various laboratories. By using isotope data measured by different laboratories we cannot entirely exclude interlaboratory offsets such as from cleaning, sample size, standards and equipment used etc. However, for most of the down-core records stable isotope analysis on co-existing benthic foraminiferal species were performed at the same laboratory, thus allowing species-species comparison.
Down-core benthic foraminiferal δ 18 O (and δ 13 C) data were assembled for records containing multiple species δ 18 O (a total of 39 records) for the last 150,000
years containing data for thirteen species (Cibicidoides/Planulina/Fontbotia wuellerstorfi, here referred to as C. wuellerstorfi, Cibicidoides kullenbergi,
Cibicidoides pachyderma, Cibicides lobatulus, Planulina ariminensis, Oridorsalis umbonatus, Oridorsalis tener, Uvigerina excellens, Uvigerina hollicki, Uvigerina mediterranea, Uvigerina peregrina, Melonis barleeanum, Globobulimina affinis).
Core locations are shown in Figure 1 , and details of latitude, longitude, water depth, and benthic foraminiferal species are listed in online supporting material (Table S1 ).
Currently available information on habitat requirements of specific benthic foraminiferal species is summarized in on-line supporting material (Table S2) . peregrina vs. G. affinis) combining between 2 and 14 down-core records with a total of at least 100 data points ( Figure 2A ). Offsets of the remaining benthic foraminiferal sets can be found in online supporting material ( Figure S1 ). A summary of mean benthic foraminiferal δ 18 O offsets for all benthic foraminiferal pairs is provided in Figure 2A ). Offsets between epifaunal C. wuellerstorfi and infaunal M.
Results

Histograms of benthic foraminiferal
barleeanum, for which the majority (85%) of samples are from Arabian Sea core GeoB-3004-1, are relatively low with a mean of -0.18‰ (Table 1) .
18
O, which is confirmed by student-t distribution tests ( Figure 2B ; online supporting material Figure S1 , Table S3 ). The isotopic ranges of closely correlated benthic foraminiferal species δ
Of all the cores investigated, twenty (indicated in Figure 1 with open circles) contained sufficient data (>15 sample pairs) and well constrained age models for the last <150,000 years to compare interspecific δ O are similar, except for C. wuellerstorfi (2.1‰) vs. G. affinis (2.6‰) ( Figure 2B ). In Figure 4 we compare the benthic epifaunal-infaunal foraminiferal δ O pairs (for several cores isotope data was available for more than two benthic foraminiferal species) a total of sixteen to seventeen out of twenty nine pairs showed temporal variations in their offsets ( Figure 3 , online supplementary material Figure   S2 ).
O offset records of Figure 3 with co-existing benthic foraminiferal δ 13 C and δ 13 C offset records (remaining records are shown in online supplementary material Figure S3 ). peregrina, and there is no straightforward relation between C. wuellerstorfi -U. peregrina δ 18 O offset and calcite dissolution (see online supporting material Figure   S4 ). Changes in metabolic activity may affect isotope fractionation. Metabolic activity may be more intense in juveniles (Berger et al., 1978) , or be increased under higher temperatures (Moberly, 1968) , but the effects are unpredictable (Zhou and Zheng, 2003) . Most down-core dual benthic foraminiferal δ C depletion or no effect (Figure 4 , online supplementary material Figure S4 ). In the low oxygen Figure 6 ). Standard deviations of δ 18 O offsets between species along a single sediment core are lower on occasion although the majority fall close to 0.2‰ (Table 1) . In order to minimize uncertainties it is recommended to use locally derived benthic foraminiferal offsets for the construction of multi-species benthic foraminiferal δ
Discussion
Causes for temporal changes in benthic foraminiferal
18
The majority of down-core records examined display temporal variations in benthic foraminiferal δ O records.
O offsets ( Figure 5 ). These occur for paired epifaunalepifaunal, epifaunal-infaunal, and infaunal-infaunal benthic foraminiferal δ 18 O at a wide range (800-4000 m) of water depths (Table 1, Figure 5 ). All down-core benthic foraminiferal δ 18 O offset records are from the Atlantic (19 records) and Indian Ocean
(1 record) ( Figure 5 ); isotope records from the Pacific contained only a small number of (>15) δ 18 O pairs for the last 150,000 years that was insufficient to robustly assess 
Conclusions
The hypothesis that benthic foraminiferal δ
18
Of the twenty down-core δ O offsets of widely used benthic
foraminiferal species are constant is tested using existing isotope data covering the last glacial-interglacial cycle.
18 O offset records investigated, thirteen showed significant temporal offset variations (exceeding the offset standard deviation) that are not related to short-term random variability. These temporal changes in benthic foraminiferal offsets may be related to kinetic fractionation effects, with changes in , 1985; Bühring, 2001; Climap project members, 1981; Curry et al., 1988; Duplessy, 1996; Duplessy et al., 1988; Hagen and Keigwin, 2002; Hodell et al., 2003; Labeyrie and Duplessy, 1985; Labeyrie et al., 1995; 1996; Sarnthein et al., 2001; Voelker et al., 1998; Vogelsang, 1990; Wang et al., 1999; Weinelt, 1993; Winn et al., 1991; Wollenburg et al., 2001; Zahn-Knoll, 1986; Zahn et al., 1986) . Map was made using the online map creation website http://www.aquarius.geomar.de. or from only 1 down-core record can be found in online supporting material Figure   S1 . For the correlations either a normal linear correlation or a linear correlation through 0, 0 produce similar correlation coefficients (R) for the datasets. However in sets where the correlation is weaker, a linear correlation through 0, 0 gives a much lower R ( Figure S1 ). Table 1 . Mean offsets ± standard deviation for all benthic foraminiferal δ 18 O pairs; between brackets details of number of records and sample pairs are given. In the third and fourth column give individual core details and calculated mean δ 18 O offset ± standard deviation for individual records containing > 20 sample pairs. In columns five and six mean interglacial Holocene (0-10 ka)/ MIS 5e (115-126 ka) and full glacial (18-21 ka) benthic foraminiferal δ 18 O offsets are calculated. * Indicates early Holocene. Number of sample pairs is indicated between brackets. Finally in column 7 records denoted with YES have an interglacial-glacial difference in benthic foraminiferal δ 18 O offset exceeding the standard deviation. (N.C. = not calculated because either interglacial or full glacial data missing; POT = potential interglacialglacial difference exceeding the standard deviation for both GIK 12392-1 records). Records indicated with NO do not have temporal variations in benthic foraminiferal δ 18 O offsets.
